The carbon balance of forests is controlled by many component processes of carbon acquisition and carbon loss and depends on the age of vegetation, soils, species composition, and the local climate. Thus, examining the carbon balance of different forests around the world is necessary to understand the global carbon balance. Nevertheless, the available information on the carbon balance of Larix principis-rupprechtii forests in the Qinling Mountains remains considerably limited. We provide the first set of results (2010-2013) from a long-term project measuring forest-atmosphere exchanges of CO 2 at the Qinling National Forest Ecosystem Research Station (QNFERS), and compare the net ecosystem exchange (NEE) based on biometric measurements with those observed via the eddy covariance method. We also compare the total ecosystem respiration via scaled-up chamber and eddy covariance measurements. The net primary productivity (NPP) was 817.16 ± 81.48 g·C·m −2 ·y −1 , of which ∆B living and D total accounted for 77.7%, and 22.3%, respectively. Total ecosystem respiration was 814.47 ± 64.22 g·C·m −2 ·y −1 , and cumulative annual soil respiration, coarse woody debris respiration, stem respiration, and leaf respiration were 715.47 ± 28.48, 15.41 ± 1.72, 35.28 ± 4.78, and 48.31 ± 5.24 g·C·m −2 ·y −1 , respectively, accounting for 87.85%, 1.89%, 4.33%, and 5.93% of the total ecosystem respiration. A comparison between ecosystem respiration from chamber measurements and that from eddy covariance measurements showed a strong linear correlation between the two methods (R 2 = 0.93). The NEE of CO 2 between forests and the atmosphere measured by eddy covariance was −288.33 ± 25.26 g·C·m −2 ·y −1 , which revealed a carbon sink in the L. principis-rupprechtii forest. This number was 14% higher than the result from the biometric measurements (−336.71 ± 25.15 g·C·m −2 ·y −1 ). The study findings provided a cross-validation of the CO 2 exchange measured via biometric and eddy covariance, which are beneficial for obtaining the true ecosystem fluxes, and more accurately evaluating carbon budgets.
Introduction
Forests play a critical role in the global carbon cycle [1, 2] , and since the 1990s, substantial data have been acquired to clarify the contributions of forest ecosystems to the global carbon cycle [3] [4] [5] . The Qinling Mountains in central China provide an important climate boundary between the southern subtropics and the northern temperate zone, where the typical vegetation of both climate zones is present together with astonishingly high biodiversity [6] . Nevertheless, information relevant to the carbon balance from forests in the Qinling Mountains remains considerably limited. Studies have 
Biometric Measurements

Plot Measurements
In summer 2009, we established a permanent plot in the L. principis-rupprechtii forest. The 1 ha plot was divided into 25 quadrats 20 m × 20 m in size. The quadrats were each subdivided into 16 sub-quadrats 5 m × 5 m in size. A total of 1585 trees and 2728 shrubs in these sub-quadrats were permanently marked with aluminum labels and numbered consecutively. Based on the plot investigation, 10 standard trees outside the plot were felled. The leaves and branches at different canopy positions and orientations and the stems of different diameters were all collected, and the roots were dug up from the 10 standard trees to measure the carbon content ratio and evaluate the biomass. The DBH of all trees (including dead and new trees) were documented in August of each year during 2009-2013 to estimate (the annual change in) the biomass, which was calculated via the regression model developed in a previous study in this region (Table S2 ) [28] .
We also documented the species, height, crown width, and basal stem diameter of all shrubs (including dead and new shrubs) in August of each year during 2009-2013 for biomass calculations. Based on the species present within the plots, E. phellomanus, L. hispida, L. glauca, and R. pungens outside the plot were dug up, with totals of 55, 48, 78 , and 62 individual plants, respectively. The species, height, crown width, and basal stem diameter of these harvested shrubs were recorded, and they were then taken back to the laboratory to measure the carbon content ratio and develop a biomass regression model (Table S3) .
To reduce disturbance, based on the plot investigation, we selected twenty 1 m × 1 m groundcover quadrats outside the plot in August of [2009] [2010] [2011] [2012] [2013] . All of the herbs were dug out in the twenty quadrats each year in order to measure the carbon content ratio and biomass. The twenty quadrats were not repeated each year, and new quadrats were selected each year.
In order to accurately estimate the root biomass and correct the fine root loss caused by digging, we used soil coring to supplement the fine root biomass [29] . A representative root sample was extracted from soil cores of 30 cm in length and 1.8 cm in diameter (76 cm 3 ). We selected twenty soil cores outside the plot in August of [2009] [2010] [2011] [2012] [2013] . All soil cores were extracted each year to supplement the fine root biomass. The twenty soil cores were not repeated each year, and new soil cores were selected each year. Litterfall was collected from the beginning of August 2009 to August 2013 at monthly intervals. Twenty 1 m × 1 m litter traps were randomly erected in the plot. Each trap consisted of 2 mm mesh nylon netting (on a wooden frame) suspended from a wire hoop and held 30 cm above the ground by four metal poles.
Carbon Content Ratio
The samples of trees, shrubs, and herbs were classified into species and organs (stem, bark, branch, leaf, and root), and the stems, branches, and roots were cut into 10 cm lengths. In each species, the same organs of the samples were pooled into one composite sample, while the twenty litterfall traps were also pooled into one composite sample. These composite samples were dried at 85 • C to constant weight (approximately 72 h) and then crushed to pass through a No. 200 mesh (0.074 mm) in order to measure the carbon content ratio. Each composite sample was repeatedly measured three times with a TOC analyzer (TOC-VTH-2000A, Shimadzu, Japan), and the average value was obtained for the carbon content ratio of litterfall and the different organs of the trees, shrubs, and herbs.
Net Primary Productivity (NPP)
Forest NPP estimates have been based primarily upon measurements of stems, bark, branches, and roots (including coarse and fine roots) biomass gain using regression models for trees and shrubs and harvest methods for other ecosystem components (herbs and litterfall). NPP was estimated using the following equations: NPP = ∆B living + D total (1) Forests 2018, 9, 67 5 of 23
where ∆B living is the increment in live plant biomass, T i is the live tree biomass increment of the ith organ (except for leaf), O i is the tree carbon content ratio of the ith organ, S j is the live shrub biomass increment of the jth organ (except for leaf), O j is the shrub carbon content ratio of the jth organ, H r is the herbaceous biomass increment of the root, O r is the herbaceous carbon content ratio of the root, D total is the sum of dead plant mass, D ti is the dead tree mass of the ith organ (except for leaf), O i is the tree carbon content ratio of the ith organ, D sj is the dead shrub mass of the jth organ (except for leaf), O j is the shrub carbon content ratio of the jth organ, L is the mass of litterfall, and P is the carbon content ratio of litterfall. Herbivore loss is often assumed to be negligible in healthy stands [30] and was not estimated in this study.
Leaf Area Index
The LAI-2000 plant canopy analyzer (LI-COR, Inc., Lincoln, NE, USA) is designed to estimate the leaf area index (LAI) of plant canopies indirectly from measurements of radiation above and below the canopy based on a theoretical relationship between leaf area and canopy transmittance [31] . The below-canopy measurements were made at 40 points, which were marked with red stakes and located along permanent transects; the sampling distance was 15 m in this forest. Above-canopy measurements were taken automatically every 15 s by a second instrument in the center of an open field situated nearby. The fish-eye lens of the instrument was covered by a view cap with a 90 • opening to ensure that the reference measurements were not influenced by the trees surrounding the clearings or by the operator [32] . In taking canopy measurements, the sensor was held so that the same portion of the sky and the same level (between 1 and 1.5 m above ground) was occluded for both sensors (above-and below-canopy measurements). The LAI measurements were made every 2 weeks from April to November in 2010-2013.
Micrometeorological Measurements
A full suite of micrometeorological measurements was taken from the weather station located 20 m away from the plot, including air temperature and humidity (HMP45C, Vaisala, Helsinki, Finland), photosynthetically active radiation, soil temperature (10 cm), and precipitation. Data from all the sensors were recorded on data loggers (CR-1000, Campbell Scientific, Logan, UT, USA), and the data were downloaded every 2 weeks to a laptop personal computer (PC).
Soil Respiration
Soil respiration was measured using an LI-6400-09 soil chamber connected to an LI-6400 portable photosynthesis system (LI-COR, Inc., Lincoln, NE, USA). Thirty soil collars, each with a height of 10 cm and a diameter of 10 cm, were randomly placed in the 1 ha plot. To avoid influence on the measurement of soil respiration, the soil collars were inserted into the soil at the depth of 2 cm one week before the measurement of soil respiration. The surface vegetation inside the soil collars was cleared 1 day before the measurement, and the topsoil was kept intact to avoid its influence on the measured results. Surface efflux was measured three times in succession for each collar during each measurement period. Soil temperature at 10 cm was measured adjacent to each respiration collar with a portable temperature probe provided with the LI-6400. The measurements were made every 2 weeks from April to November in 2010-2013.
We used an exponential equation to analyze the relationship between respiration and temperature:
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where R is the component respiration (soil (µmol·m −2 ·s −1 ), root (µmol·m −2 ·s −1 ), coarse woody debris (µmol·m −3 ·s −1 ), stem (µmol·m −3 ·s −1 ), or leaf (µmol·g −1 ·d −1 )); T is the temperature of each component ( • C); and R 0 and β are fitted parameters. The temperature dependence of respiration is often described by the Q 10 value, which is called the temperature sensitivity of respiration. The respiration parameter, Q 10 , can be derived from Q 10 = exp (10β). Estimated parameters were used to predict the soil respiration for every 0.5 h over 4 years based on continuous temperature measurements from the weather station.
Root Respiration
The trenching method was used to estimate the root respiration [33] . The trenched plot (20 m × 20 m) was established adjacent to the permanent plot at this site. We also randomly established twenty 50 cm × 50 cm subplots in the trenched plot in August 2009. Each subplot was prepared by making vertical cuts along the boundaries to 50 cm below the ground surface (approximately the bottom of the root zone) with a steel knife, severing all roots. The roots were removed, and fiberglass sheets were installed to prevent roots from entering. The trenches were backfilled with the same soil. The aboveground parts of all plants growing in the subplots were cut off, and new seedlings and re-growth from the roots were periodically clipped when necessary.
Twenty soil collars, each with a height of 10 cm and a diameter of 10 cm, were inserted into the soil in the subplots. The soil respiration in the trenched plot was measured using the same method for soil respiration.
We used the following equation to calculate the root respiration (R R , µmol·m −2 ·s −1 ):
where R S is the soil respiration in the permanent plot (µmol·m −2 ·s −1 ) and R C is the soil respiration in the trenched plot (µmol·m −2 ·s −1 ).
Coarse Woody Debris Respiration
We used the standard method developed by the United States Department of Agriculture (USDA) Forest Service and the Long Term Ecological Research (LTER) programme to define woody debris as CWD, which was further categorized into logs, snags, and stumps [34] . The downed or leaning deadwood with a diameter at the widest point ≥10 cm and length ≥1 m were included in the group. The dead trees with a gradient (departure from vertical direction) ≤45 • were considered as snags, while those with a gradient >45 • were classified as logs. The vertical deadwood with a height ≤1 m was considered as stumps. Each piece of CWD was assigned to one of five decay classes on the basis of differences in internal and external tissue characteristics (Table S4 ) [35] . The numbers 1, 2, 3, 4, and 5 represent different decomposition stages, i.e., 1 represents the initial stage and 5 represents the final stage.
CWD respiration was measured for the five decay classes in the plot. Three pieces of CWD were sampled for CWD respiration in each decay class, and three fixed plates were mounted on each low decay class of CWD (sufficient sound wood was present) with silicon sealant at a random azimuth. A custom Plexiglas cuvette, 800 cm 3 in volume with an 80 cm 2 opening, was closely attached to the mounting plate just before each measurement. CWD respiration was measured three times in succession for each cuvette during each measurement and three times during the day at each cuvette. CWD temperature at 10 cm deep was measured adjacent to each cuvette with a portable temperature probe provided with the LI-6400. For the more advanced decay classes, these CWD samples were placed into the containers to measure. The measurements were made every 2 weeks from April to November in 2010-2013.
The measured CWD respiration rates per unit area were converted to rates per unit volume. We used the exponential function (Q 10 function) to analyze the response of CWD respiration per unit of volume to CWD temperature (Equation (4)). Continuous CWD temperatures were calculated by the model, which simulated the relationship between CWD temperatures and 10 cm soil temperatures ( Figure S5 ).
To upscale the chamber measurements of CWD respiration to the stand level, we calculated the volume of the five decay classes of CWD in the plot. Forest censuses were conducted in August of each year during 2009-2013 to determine the CWD volume. Each log or stump was considered as a cylinder; consequently, we used Smalian's formula to produce a volume estimate through the length and cross-sectional areas at the basal and distal ends of the cylinder [36] . For snags, we used the height and diameter in a species-specific wood volume equation, thus calculating the volume of each piece of the snag.
Stem Respiration
Fifty fixed plates were mounted on the trunks of 50 standard trees with silicon sealant at approximately 130 cm in height and a random azimuth. We used the same cuvette that was used to measure CWD respiration for measuring stem respiration; the cuvette was closely attached to the mounting plate just before each measurement. For the CWD respiration measurements, stem respiration rates were measured three times in succession for each cuvette during each measurement and three times during the day at each cuvette. The measurements were made every 2 weeks with an LI-6400 portable photosynthesis system (LI-COR, Inc., Lincoln, NE, USA) from April to November in 2010-2013. Stem temperature was measured with a portable temperature probe provided with the LI-6400 inserted into the sapwood near the cuvette of each sample tree. The sapwood thickness and wood mass density of each standard tree were measured from tree cores.
Measured stem respiration rates per unit area were converted to rates per unit of sapwood volume based on sapwood area and tree DBH, assuming a wedge-shape volume had contributed to the respiration rates. We used the exponential function (Q 10 function) to analyze the response of stem respiration per unit of sapwood volume to stem temperature (Equation (4)). Continuous stem temperatures were calculated by the model, which simulated the relationship between stem temperatures and air temperatures ( Figure S6 ).
To upscale the chamber measurements of stem respiration to the stand level, we estimated the total sapwood volume per unit of ground area in the plot. We assumed that branch respiration per volume had the same rate as stem (bole) respiration, similar to the assumptions made by Law et al. [37] , Xu et al. [38] , and Bolstad et al. [4] .
After measuring the DBH and sapwood thickness, we estimated the sapwood volume of 30 sample trees to develop the regression model for sapwood volume:
where V p is the sapwood volume including that from stems and branches (m 3 ), D is the DBH (m), H is the tree height (m), and the correlation coefficient is 0.9452. Equation (6) was used to estimate the sapwood volume of the whole stand and the average sapwood volume per ground area.
Leaf Respiration
Leaf respiration was measured from 30 leaves collected from 10 L. principis-rupprechtii trees, 30 leaves from shrubs, and 30 leaves from herbs from April to November in 2010-2013. Following the method of Bolstad et al. [4] , branches from species from random heights and directions in the canopy were detached at night and immediately placed in a plastic bag with a moistened paper towel and transported in the dark to a nearby laboratory. Fully expanded leaves were detached just before measurement. All measurements were made within 3 h of branch harvest. Leaf respiration rates were measured from 5 to 25 • C with a controlled temperature LI-6400 portable photosynthesis system (LI-COR, Inc., Lincoln, NE, USA). Leaf area was measured with an AM-300 portable leaf area meter (ADC Bioscientific Limited, SG12, 9TA, Cambridge, UK). Leaves were oven dried at 65 • C and weighed. The measured leaf respiration rates per unit area were converted to rates per unit of dry biomass.
We used the exponential equation (Equation (4)) to fit the leaf respiration per unit of dry biomass as a function of leaf temperature for each species. We assumed in this study that the leaf temperature was the air temperature.
To upscale chamber measurements of leaf respiration to the stand level, we estimated the total leaf dry biomass per unit of ground area in the plot. The dry leaf biomass of shrubs and herbs was estimated by our study, while the dry leaf biomass of L. principis-rupprechtii was estimated by the regression model based on a previous study in this region [28] .
Net Ecosystem Exchange
The annual net ecosystem exchange of CO 2 (NEE, g·C·m −2 ·y −1 ) can be estimated using the following equation according to the measured annual rates of component respirations and net primary production (NPP):
where R S is the soil respiration (g·C·m −2 ·y −1 ), R CWD is the CWD respiration (g·C·m −2 ·y −1 ), Equation (5) was used to calculate the R R (g·C·m −2 ·y −1 ), and Equation (1) was used to calculate the NPP (g·C·m −2 ·y −1 ).
Eddy Covariance Measurements
To compare with biometric measurements, fluxes of CO 2 were measured from a tower at 30 m above ground in the center of the stand. A three-dimensional sonic anemometer (CSAT-3, Campbell Scientific, Inc., Logan, UT) and an open-path infrared gas analyzer (LI-7500, LI-COR, Lincoln, NE, USA) mounted at a height of 25 m measured the three components of the wind velocity vector, sonic temperature, and the densities of water vapor and CO 2 . These components were sampled at 10 Hz by a data logger (CR-5000, Campbell Scientific, Logan, UT, USA), which also calculated the 30 min covariance using Reynolds block averaging. Surface fluxes were later calculated off-line after performing a two-dimensional coordinate rotation and accounting for density fluctuations [39] . NEE data were screened for weak turbulence friction velocity at night. Although we found only a negligible trend of increasing NEE with u*, we calculated an annual NEE using a u* threshold of 0.15 m·s −1 . To fill the gaps, a double-directional interpolation model of artificial neural networks (ANNs) was used [27] . Nighttime NEE was assumed to be a measurement of ecosystem respiration and was extrapolated to all times by using a temperature response function as described by Cook et al. [40] and Desai et al. [41] .
Statistical Analyses
One-way ANOVAs were used to determine the effect of the 10 cm soil temperature on the soil respiration, of CWD temperature on the respiration of different CWD decay classes, of sapwood temperature on the stem respiration, and of air temperature on the leaf respiration. An exponential equation was used to simulate the relationship between respiration and temperature. The relationship between the CWD temperature and the 10 cm soil temperature was simulated using a regression model. A regression model was also used to simulate the relationship between sapwood temperature and air temperature. The sapwood volume was estimated by a regression model. Moreover, the eddy covariance technique and chamber-based estimates were simulated based on a linear model. All statistical analyses were conducted using the SAS 8.0 Statistical Package, with a p-value of 0.05 set as the limit for statistical significance. Origin 8.0 (OriginLab Corporation, Northampton, MA, USA) was used to draw the graphs. 
Results
Environmental Factors
There was a clear seasonal pattern in air temperature and 10 cm soil temperature during 2010-2013 ( Figure S7 ). The air temperature changed more dramatically, but the variation of the 10 cm soil temperature was consistent with the air temperature. The annual mean air temperature was 10.82 ± 9.66, 10.94 ± 9.78, 10.59 ± 9.60, and 10.89 ± 9.84 • C for 2010 to 2013, respectively. The annual mean 10 cm soil temperature was 11.12 ± 8.09, 11.22 ± 8.19, 10.93 ± 8.04, and 11.18 ± 8.24 • C for 2010 to 2013, respectively. Due to rain, the photosynthetic active radiation was relatively low from June to August for all years ( Figure S8 ). The annual mean photosynthetically active radiation was 147. 81 
Soil Respiration
There was a significant exponential relationship between soil respiration and the 10 cm soil temperature. The parameters in Equation (4) for soil respiration are summarized in Table 1 . Equation (4) 
There was a significant exponential relationship between soil respiration and the 10 cm soil temperature. The parameters in Equation (4) for soil respiration are summarized in Table 1 . Equation (4) allows us to estimate the year-round soil respiration using the 10 cm soil temperature as an independent variable. There was an obvious seasonal pattern of soil respiration 
Coarse Woody Debris (CWD) Respiration
There was a strong exponential correlation between the respiration of different CWD decay classes and temperature (Table 1) . To estimate continuous CWD respiration in the L. principis-rupprechtii forest during 2010-2013, we calculated continuous CWD temperature using the model that simulated the relationship between the CWD temperature and the 10 cm soil temperature. The seasonal variation of the CWD respiration per volume indicated that the CWD respiration peaked in July and then followed a decreasing trend with time ( Figure 2 ). We found significant differences in the CWD respiration among the different decay classes in 2010-2013. The maximum respiration across the four years, with a mean of 15.33 ± 1.32 µmol·m −3 ·s −1 , appeared in decay class 4, which was more than 3 times higher than the minimum in decay class 1 (4.65 ± 0.37 µmol·m −3 ·s −1 ). Over time, the volume of different CWD decay classes increased ( Table 2) . The respiration of different CWD decay classes per unit ground area also increased over time, except for a slight decrease in 2012 (Table 2) , which was consistent with the temperature of different CWD decay classes. 
Stem Respiration
We found an exponential relationship between stem respiration and sapwood temperature, and the parameters are summarized in Table 1 . Because sapwood temperature was not recorded for the whole year, we developed a correlation between sapwood temperature (y) and air temperature (x) (y = 0.62385 + 0.88813x, R 2 = 0.98674, n = 108, p < 0.0001). Stem respiration varied seasonally, with the 
We found an exponential relationship between stem respiration and sapwood temperature, and the parameters are summarized in Table 1 . Because sapwood temperature was not recorded for the whole year, we developed a correlation between sapwood temperature (y) and air temperature (x) (y = 0.62385 + 0.88813x, R 2 = 0.98674, n = 108, p < 0.0001). Stem respiration varied seasonally, with the lowest rate in February and the highest in July (Figure 3) 
Leaf Respiration
The diurnal and seasonal variations in the leaf respiration rate related well with the corresponding variation in air temperature ( Table 1 ). The minimum leaf respiration for trees, shrubs, and herbs all appeared in March, rose sharply until July, and then decreased until November (Figure 4 ). Shrub 
The diurnal and seasonal variations in the leaf respiration rate related well with the corresponding variation in air temperature ( Table 1 ). The minimum leaf respiration for trees, shrubs, and herbs all appeared in March, rose sharply until July, and then decreased until November (Figure 4) . Shrub leaves per unit of biomass had slightly higher respiration than tree and herb leaves. Leaf biomass increased with time (Table 3) , which was consistent with the LAI measured by LAI-2000. Cumulative leaf respiration per unit of ground area for trees, shrubs, and herbs indicated that tree leaves had higher respiration than shrub and herbaceous leaves (Table 3) , corresponding mainly with the highest leaf biomass for trees. Over time, the leaf respiration per unit of ground area increased. 
Ecosystem Respiration
The minimum ecosystem respiration appeared in January-March, rose sharply until July, and then decreased until winter ( Figure 5 ). Ecosystem respiration ranged from 0.22 ± 0.02 to 7.86 ± 0.38 μmol·m −2 ·s −1 in 2010-2013. The component respiration demonstrated a similar seasonal variation with ecosystem respiration. Soil was the strongest source of annual respiration for the ecosystem, which was approximately 50 times higher than the minimum respiration for CWD (Table 4) . Soil, CWD, stem, leaf, and ecosystem respiration in 2013 was the highest among 2010-2013. Aboveground autotrophic respiration (stem + leaf respiration) comprised 10.26% of the total respiration, with leaf respiration slightly higher than stem respiration. 
The minimum ecosystem respiration appeared in January-March, rose sharply until July, and then decreased until winter ( Figure 5 ). Ecosystem respiration ranged from 0.22 ± 0.02 to 7.86 ± 0.38 µmol·m −2 ·s −1 in 2010-2013. The component respiration demonstrated a similar seasonal variation with ecosystem respiration. Soil was the strongest source of annual respiration for the ecosystem, which was approximately 50 times higher than the minimum respiration for CWD (Table 4) . Soil, CWD, stem, leaf, and ecosystem respiration in 2013 was the highest among 2010-2013. Aboveground autotrophic respiration (stem + leaf respiration) comprised 10.26% of the total respiration, with leaf respiration slightly higher than stem respiration.
Net Primary Productivity
The carbon content ratio was measured to calculate the carbon density, and the carbon content ratio was different in various components of vegetation in the L. principis-rupprechtii forest (Table S9) . NPP was highest in 2013 (833.33 ± 80.14 g·C·m −2 ·y −1 ), with an average of 817.16 ± 81.48 g·C·m −2 ·y −1 in the L. principis-rupprechtii forest, of which ∆B living and D total accounted for 77.7%, and 22.3%, respectively (Table 5) . NEE was the lowest in 2012 (−344.14 ± 22.32 g·C·m −2 ·y −1 ), and the average in all years was −336.71 ± 25.15 g·C·m −2 ·y −1 , which revealed a carbon sink in the L. principis-rupprechtii forest. 
Comparison between Biometric and Eddy Covariance Measurements
Eddy covariance measurements of NEE showed seasonal variation, with a maximum in November (2.71 ± 0.22 g·C·m −2 ·d −1 ) and a minimum in August (−6.84 ± 0.56 g·C·m −2 ·d −1 ) (Figure 6 ). Eddy covariance measurements of NEE from May to September were negative, which suggested a carbon sink during the growing season. Overall, eddy covariance measurements of NEE showed an average of −288. 33 Figure 7 . The curve shows a good correlation between these two measurement methods, with R 2 = 0.93. 
Discussion
The seasonal variation of component respiration was driven by temperature, and temperature was strongly exponentially correlated with component respiration. This conclusion has been reported in several studies [16, 26] . According to our analysis, the ecosystem respiration based on eddy covariance measurements was also exponentially related to the air temperature, explaining 94% of the variability in the ecosystem respiration ( Figure S10 ).
Biometric-based flux measurements combined with spatial and temporal upscaling allowed us to estimate the respiration of each component of the ecosystem. The CO2 flux of soil from our site was 
Biometric-based flux measurements combined with spatial and temporal upscaling allowed us to estimate the respiration of each component of the ecosystem. The CO 2 flux of soil from our site was higher than that from a mature temperate mixed forest in the Changbai Mountains (0.49-4.12 µmol·m −2 ·s −1 ), which may be due to the higher temperature at our site (Annual average temperature is 3.6 • C in the Changbai Mountains) [26] . Soil respiration is influenced by many factors, including abiotic factors, such as the soil temperature, soil moisture, rainfall, and soil C/N, and biotic factors, such as vegetation cover, litter thickness on the ground, fine root mass, soil organic matter, soil characteristics, leaf area index, and human activities. A number of studies concluded that soil moisture is an important factor influencing soil respiration [42] [43] [44] . However, a comparison of recent findings in this region showed that soil moisture had little impact on soil respiration relative to in situ temperature. An adequate soil moisture level may explain the non-significant influence of soil moisture on soil respiration [26] . The Q 10 value was the highest in soil respiration, with a value of 4.19, which revealed that there was a stronger sensitivity of soil respiration to temperature in different component respirations, which was different from other ecosystems. For example, Raich and Schlesinger reviewed global soil respiration values and found a median Q 10 value of 2.4 [45] . In a temperate mixed-hardwood forest, the Q 10 value ranged from 3.4 to 5.6 [46] . The Q 10 value ranged from 1.93 to 4.80 in different vegetation communities in the Belgian Campine region [47] . Moreover, Cao et al. reported Q 10 values of 2.75 and 3.22 in an alpine meadow on the Tibetan Plateau of China [48] . Wu et al. reported a value of 4.07 in the Changbai Mountains of China [49] . On the eastern part of the Loess Plateau of China, the Q 10 value ranged from 2.37 to 5.53 [50] . The various Q 10 values reported in different ecosystems may be due to both methodology and differences in biotic and abiotic factors that affect soil respiration differently [50] .
Whole-ecosystem respiration is dominated by soil respiration in forests [4] . Soil respiration has been found to account for 30-90% of total ecosystem respiration in temperate forests [13] , and our result was close to the upper limit, at 87.85%. The percentage of soil respiration was higher, possibly due to the lower precipitation (600 mm) at our site, but there were lower nutrients in the soil (sandy loam) at a Michigan site and in a ponderosa pine forest in Oregon (76%) [37] . Total soil respiration is always regarded as a critical component of the carbon balance of an ecosystem. The estimated annual soil respiration was 715.47 ± 28.48 g·C·m −2 ·y −1 , which was similar to that reported by Raich and Schlesinger for temperate coniferous forests, at 681 ± 95 g·C·m −2 ·y −1 [45] . Other ecosystems reported various values for soil respiration, including 600-700 g·C·m −2 ·y −1 in beech forests in France [51] , 485 g·C·m −2 ·y −1 in hardwood forests in the USA [52] , 581 g·C·m −2 ·y −1 in a warm-temperate mixed forest in Japan [53] , 963.98 g·C·m −2 ·y −1 in a Korean pine and broadleaf mixed forest in China [54] , and 454 g·C·m −2 ·y −1 in a tropical seasonal rainforest in China [55] . These different results demonstrate that soil respiration is closely related to vegetation and climate.
In our study, leaf respiration was second in magnitude among the respiration fractions. This result is consistent with that of previous studies [5, 26] . However, the leaf respiration at our site was lower than that in an old-growth hardwood forest (114.85 g·C·m −2 ·y −1 ) and a hemlock forest (72.20 g·C·m −2 ·y −1 ) in the USA [16] . Moreover, Law et al. compared leaf respiration in young (124 g·C·m −2 ·y −1 ) and old (136 g·C·m −2 ·y −1 ) ponderosa pine forests of the USA [56] , which were all higher than ours. In the present study, this lower leaf respiration may have been caused by (1) the lower annual mean LAI (4.1 in the hardwood forest and 3.8 in the hemlock forest), (2) reduced air temperature and photosynthetic active radiation [57] , or (3) decreased foliage N and chlorophyll concentrations [37] . In addition, both the canopy position and foliage age had significant effects on leaf respiration [12] .
Because of difficulties in measurement, little attention was paid to stem respiration in the past. However, with increasing atmospheric CO 2 concentrations and as an important part of the annual carbon balance of forest ecosystems, studies of stem respiration have generated active debate. Stem respiration was strongly correlated with temperature, and the Q 10 value at our site was similar to that of other ecosystems. For example, in a Pinus koraiensis forest in China, the Q 10 value ranged from 2.56 to 3.32 [58] . In a temperate mixed forest in China, the Q 10 value ranged from 1.86 to 2.41 [26] . Ryan et al. reported that the Q 10 value ranged from 1.3 to 1.9 in four conifer forests in the USA [59] . According to our study, stem respiration was slightly lower than leaf respiration, which was consistent with others [5, 26, 37, 38] . However, the stem respiration at our site was much lower than those in an old-growth hardwood forest (130.5 g·C·m −2 ·y −1 ) and a hemlock forest (206.5 g·C·m −2 ·y −1 ) in the USA [16] , which may be due to lower sapwood volume (296.3 m 3 ·ha −1 in the hardwood forest and 448.5 m 3 ·ha -1 in the hemlock forest). In addition, stem respiration is influenced by numerous factors, including meteorological factors (e.g., stem temperature, CO 2 concentration, and humidity) and biological factors (tree species, tree age, diameter at breast height, sapwood size, and nitrogen content in the stem). Latitude, altitude, and topographic factors indirectly influence respiration rates through meteorological or biological factors [60] . Moreover, scaling up based on measurements of the stem respiration rate and sapwood volume may underestimate total stem respiration rates because younger woody tissues have higher respiration rates [38] . Future studies are required to develop a more accurate scaling-up scheme.
In general, CWD has high ecological relevance, contributes significantly to crucial ecological processes in forest ecosystems, and plays an essential role in carbon pools [61] . Furthermore, CWD respiration as a component of ecosystem respiration is essential to determining a forest's carbon budget [62] . However, few studies of CWD respiration have been conducted in most forest types [63] . In particular, quantification of the contribution of CWD respiration to total ecosystem respiration in the Qinling Mountains has not been previously conducted. Our study showed that the seasonality of CWD respiration was mainly driven by the CWD temperature and showed an overall bell-shaped curve for all five decay classes. This conclusion is corroborated by previous studies [64, 65] . The Q 10 ranged from 1.7 to 4.1 for different decay classes in various ecosystems [62, 65] , and our result fell within this range.
Moreover, Wu et al. reported that the Q 10 value ranged from 2.41 to 2.95 in the Changbai Mountains of China [66] . In a montane moist evergreen broadleaf forest of China, the Q 10 value ranged from 1.73 to 2.08 [67] . Furthermore, the Q 10 value was significantly affected by the temperature ranges. For example, the Q 10 value was 4.1 for 5-20 • C and 1.7 for 20-42 • C in a boreal black spruce forest in Canada [65] .
CWD respiration is a complex process that depends on many factors, including tree species, temperature, moisture, substrate quality, diameter class, and decomposer type [68, 69] . According to our study, the annual CWD respiration was much lower than that in an old-growth Amazonian forest (171.8 g·C·m −2 ·y −1 ) [70] , which may be mainly caused by the reduced CWD biomass at our site. Meanwhile, the annual CWD respiration was slightly lower than that in an old-growth hardwood forest (43 g·C·m −2 ·y −1 ) and a hemlock forest (29 g·C·m −2 ·y −1 ) in the USA [16] . The reason for higher annual CWD respiration in hardwood and hemlock forests may be the surface area of CWD for upscaling [16] . In our study, we quantified the CWD into five decay classes. The CWD respiration rates measured per unit volume might underestimate the CWD respiration rates, whereas CWD respiration rates measured per unit surface area might overestimate the CWD respiration rates. A large log may have large volume but smaller surface area than many small logs. As such, the conversion of CWD respiration rates measured per unit area to rates per unit volume might be more appropriate to CWD respiration in this forest. Moreover, to upscale chamber measurements of CWD respiration to the stand level, the volume was more convenient and accurate than the surface area. Measuring the CWD respiration accurately is important for estimating forest ecosystem respiration. Thus, further research should be done by using the surface area or volume of CWD for upscaling. In addition, future studies are necessary to measure CWD respiration in different diameter classes.
Daily mean ecosystem respiration measured from eddy covariance and chamber methods was shown in Figure 7 . The eddy covariance (y) and chamber (x) methods were in better agreement after adjusting the CO 2 flux in this forest using the equation y = 0.91132x − 0.00577 ( Figure 7) . The comparisons between chamber and eddy covariance ecosystem respiration measurements were more consistent than in other studies [71, 72] . Our result showed that the daily mean ecosystem respiration upscaled from chamber measurements agreed well with eddy covariance measurements, with R 2 = 0.93, which was similar to that of an old-growth forest in the Great Lakes region of the USA [16] , with R 2 = 0.96, although some studies suggested that the result from chamber measurements was higher than that from eddy covariance measurements [37, 73] .
An annual average ecosystem respiration of 780.37 ± 82.18 g·C·m −2 ·y −1 was calculated from eddy covariance measurements. Based on chamber measurements, the corresponding value was 814.47 ± 64.22 g·C·m −2 ·y −1 . Our result is very close to that in a boreal black spruce forest in Canada, which had a range of 790-890 g·C·m −2 ·y −1 [74] . However, ecosystem respiration from our site was much lower than that from old-growth Amazon tropical forests, with an estimate of 2337.6 g·C·m −2 ·y −1 [75] . Higher temperatures, longer growing seasons, and higher photosynthesis and growth rates in tropical forests may explain the higher respiration than that from our temperate coniferous forests.
Our study found that the annual average ecosystem respiration measured by the chamber method was 5% higher than that measured by the eddy covariance. The error sources for explaining this discrepancy are complicated. Firstly, chambers may disturb the environment and alter CO 2 concentrations, as well as pressure gradients, turbulent fluctuations, and air flow. Thus, they may interfere with the production and transport of CO 2 [26] . Closed chambers completely cover the ecosystem during the measurement process and thereby alter the natural long-wave radiation balance to almost zero. This causes reduced surface cooling, weak development of stable stratification, and, finally, higher respiration than those obtained via eddy covariance measurements [76] . Secondly, our annual average ecosystem respiration estimates based on chamber measurements may have uncertainties. One possible source of uncertainty is in the method of extrapolating a temperature-respiration relationship to the winter. Under a 95% confidence interval, the uncertainties in predicting daily mean soil respiration, CWD respiration, stem respiration, and leaf respiration averaged 10%, 8%, 12%, and 14%, respectively, of the predicted values. The uncertainties may also derive from the estimation of CWD and stem volumes, the dry leaf biomass, and the chamber upscaling processes. Thirdly, nocturnal eddy covariance measurements with low friction velocity, extrapolation of nighttime respiration to daytime respiration may underestimate the ecosystem respiration by the eddy covariance method. Annual NEE estimates were as high as −336.71 ± 25.15 g·C·m −2 ·y −1 from biometric measurements but −288.33 ± 25.26 g·C·m −2 ·y −1 from eddy covariance measurements. Our results revealed that this site was a carbon sink, which was consistent with the findings of Zhou et al. [11] ; they found that a carbon sink in a L. principis-rupprechtii forest in China was −271 g·C·m −2 ·y −1 . Meanwhile, our estimations of NEE fall well within the range reported between −70 and −740 g·C·m −2 ·y −1 for temperate forests [15, 77] .
Our study found that the NEE measured by the eddy covariance method was 14% higher than that measured by the biometric, which is consistent with Wang et al. [26] . However, our study showed that the discrepancy was lower than that of Wang et al. (22.5%) , and the mean difference (48.38 ± 9.67 g·C·m −2 ·y −1 ) was also lower than that of temperate forests (100 g·C·m −2 ·y −1 ) [78] , which indicated that these two methods had good agreement in measuring the NEE in this forest. However, there was still a discrepancy between the biometric and eddy covariance measurements, which may be due to the complicated error sources.
The error in the result from both biometric and eddy covariance was associated with sampling methods of flux measurement [30] . Ehman et al. concluded that the largest error source in the biometric method may be attributable to sampling (that is, inter-plot variability) [79] . All natural ecosystems are heterogeneous at some scale, and so the question arises whether estimation of fluxes based on a limited number of samples represents the average of the total ecosystem. In our study, the sampling error included estimating the NPP for sampling the trees, shrubs, herbs, fine roots, and litterfall. Additionally, we used soil collars to measure R S and R R and sampled the CWD to measure R CWD , which all may produce the sampling error. In addition, Ohtsuka et al. considered that the topography may introduce sampling errors when estimating the NEE based on the eddy covariance method [30] .
Another error was more likely to be related to estimation of NPP. Although Ohtsuka et al. deemed annual forest census within a large permanent plot and adequate number of litter traps for detritus production to be the most suitable method for measuring NPP [30] , there were still some uncertainties. One possible uncertainty was derived from the biomass regression model. Under a 95% confidence interval, the uncertainties in predicting tree and shrub biomass averaged 8% and 14%, respectively, of the predicted values. Clark et al. considered that using off-site allometric equations could alter NPP by as much as 20% [80] . Also, these allometric relationships do not take into account seasonal changes in wood C concentration that may occur. Our study showed that the carbon content ratio values were diverse among varying plant species and different organs in the same plant (Table S9) . However, many researchers used 50% as the carbon content ratio [81, 82] , which would overestimate the NPP by 7.4% in this forest. D total is an important component of NPP; a study by Curtis et al. revealed that the detritus made up nearly two-thirds of the annual C production [77] . However, in our study, we found the D total accounted for less than a quarter of NPP. CWD as a part of D total can be difficult to measure precisely due to the heterogeneous distribution of forest floor detritus [79, 80, 83] , which was the largest source of uncertainty in the estimation of NPP. However, we have adequately quantified annual variability in CWD production according to the annual forest census. Moreover, underestimation could have been caused by minor NPP components typically neglected (for example, root exudation, net accumulation of non-structural carbohydrates, herbivory consumption, production of volatile organic compounds [78, 80] ), which in general contribute between 1% and 4% of NPP [84] . In addition, Ohtsuka et al. considered that the estimation of R CWD represented a critical source of potential error [30] ; few studies have measured the R CWD . Ehman et al. reported the R CWD was 7% of R S [79] , but this proportion was only 2% in our study. We quantified the CWD into five decay classes to obtain more accurate measurements of R CWD . However, the respirations of CWD at different diameter classes and fine woody debris (1 cm ≤ diameter < 10 cm) were not measured, which may result in a lower observed R CWD at this site.
The permanent plot was protected by an enclosure, and this site was level (a mean slope of 5 • ), and the overstory and understory of the forest were homogeneous, which are ideal conditions for measuring the NEE using the eddy covariance method in this forest. However, there were still error sources for measuring the NEE based on eddy covariance measurements. In our study, these eddy covariance error sources mainly include a double-directional interpolation model of artificial neural networks (ANNs) to fill the gaps, nocturnal low friction velocity, and the extrapolation of nighttime respiration from the eddy covariance measurements to daytime respiration.
Conclusions
This paper presents the first set of results (2010-2013) from a long-term project measuring forest-atmosphere CO 2 exchanges using eddy covariance and biometric methods simultaneously in a L. principis-rupprechtii forest. In our study, temperature was the primary controlling factor for respiration in this forest. Exponential functions explained most of the observed temporal variations in respiration in response to temperature. Based on the chamber upscale processes, we obtained the cumulative annual ecosystem respiration (814.47 ± 64.22 g·C·m −2 ·y −1 ), but this number was 5% higher than that from the eddy covariance measurements. We considered this small discrepancy to have arisen mainly because the respiration of CWD at different diameter classes and fine woody debris (1 cm ≤ diameter < 10 cm) was not measured due to the possible uncertainty in the method of extrapolating a temperature-respiration relationship to the winter and due to the uncertainties in the estimation of CWD and stem volumes, dry leaf biomass, and the chamber upscale processes.
Using measurements of the NPP (817.17 ± 81.48 g·C·m −2 ·y −1 ) combined with the heterotrophic respiration based on the chamber method (480.45 ± 52.24 g·C·m −2 ·y −1 ), we obtained the NEE (−336.71 ± 25.15 g·C·m −2 ·y −1 ) in this forest. This result was close to that from eddy covariance measurements (−288.33 ± 25.26 g·C·m −2 ·y −1 ), which indicated that these two methods had good agreement in measuring the NEE in this forest. In our study, we calibrated the instruments periodically, repeatedly measured a variety of respiration components for 4 years, reduced the disturbance of chamber measurements, quantified the CWD into five decay classes, and measured the carbon content ratio of various components, all of which can enhance the consistency of the eddy covariance and the biometric fluxes. However, there was still a 14% discrepancy between the biometric and eddy covariance measurements, which may be due to the complicated error sources. Thus, more detailed experiments and related theoretical studies are needed in the future.
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